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THE ROLE OP ANERGY IN PERIPHERAL T CELL UNRESPONSIVENESS 

Julia G. Johnson and Marc K. Jenkins 
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Sumil> arv 

When n T cell', encounter with specific antigen remits w good signahng thmugb 
JK ' SnZr y« downot lead » a proliferative response, the T cell 
> %^££enm or ancny. Anergy indue lion can reside Trom a 

SSS-i or ^professional' amigen V^^^J^g^^^SS 
of T cell tjroUferadon, or chronic stimulation of the T Cell receptor oy an»t.en. 
An«w taWnfrlived bu« temporary state characterize by a profound inability -of 
iWcdS to rSdScV IL-2. Ckher effector functions may be affected to vanable 
deUcT A^ergVhSbeen characterized roost carefully under In vim condutons. 
Sf^ei^SowSrnodels have demonstrated that T cells can also become 
Serefc tf wJf^ rmSsm for tolerance induction may help u» ensure tha 
^Stire S£ZKt3ii Which escape thymic deletion are unaUc ^respond 
toC^sueTFunhermore. an understanding of the mechanism of anergy 
w£^MmStSSn\y «d to beneficial clinical applications, including 

autoimmunity and allergy. 

fay Words: anergy, T cell, II--2 * 

foreign proteiss Wd yet gfft 

catiieauenccs of an autoimmune response arc pownuoiy _ ' ^.w^^anUm* niso exist 
tt^ihat au^dve T cells arc unable w mount an immune response. <*ecka^ W 
ensure inai nuw»uvv \J^~^ nt u ^icw of B cell iblertncc, see references I and 2). The major 

IClt-re*cave . encounters spec fie peptide antigen bound to a major 

occurs when an imirwture i cen a^un ic ^ ^[afaoc of a bone marrow-derived cell 

t^^Sm^^V^^. or anergic, to specific antigen. Beeause :not .Uself 
T ceiu are ™ ga **" ^""i^ acC Tf s t0i ^ foyrrois It is not surprising there are also tolerance 
'"^•^*SS^^XjSSS^tnl lymphoid tissues. Analogous oeUular 
mechamsnu ^ditt act ["^^^^J^^^ pathway and presented by class I 
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expressed on the cell surface in conjunction with class II MHC molecules. The priming and clonal 
expansion of class I MHC-ftstricted CD8+ T cells (bui not their cytolytic function) requires that 
they receive CD4+ T celi-mediated help (i.e., IL-2) or a costimulatory signal mediated by CD80 on 
the APC interacting with CD2B on the T cell surface (3-5). CD80 expression ts confined to tone 
marrow-derive'Vrofessional" antigen-presenting cells (APC) (i,c, dendritic cells, macrophages, 
and activated B cells). Because non-bone marrow-derived tissues are CX>80-negauveyffey would 
not be expected to prime a CD8+ T cell response. It is also unlikely that autoanufcn-specific 
CD8+ T cells would receive help because maximal lymphokinc production by CD4+ f cells 
requires both a cosdmulatory signal and antigen presentation by class II MHC molecules. Most 
peripheral tissues express neither costimulatory liganda nor class tl MHC molecules, although 
class II expression can sometimes be induced under inflammatory conditions (6). Therefore. T 
cells specific for the self antigens expressed on parenchymal tissues are not normally activated, and 
these autoamigens are generally ignored. However, if shed tissue antigens or soluble protein 
Antigens (i.e., peptide hormones, cytokines, or proteins expressed late in lire) wore taken up and 
processed by professional APC, it is certainly conceivable that an autoimmune reaction could 
result, Therefore, back-up mechanisms exist for directly silencing mature Autoreactive T cells 
which may reach the peripheral tissues to ensure that autoimmune disorders remain relative!/ rare 
occurrences (reviewed in 7, 8). Tolerance mechanisms which appear to be operational in the 
periphery include (1 ) clonal deletion, (2) clonal ancrgy, and (3) immunosuppression, in which a T 
cell's response to antigen is inhibited by other T cells, This review will focus on T cell clonal 
energy. 

An hist qrjcfrl perspective 

T cell clonal anergy has been studied extensively in vitro using IL-2 producing T ceil clones 
(known as Thl cells) as a model system. We (9) found that peptide antigen presentation by splenic 
APC procreated with carbodiimide (ECDI) not only failed to stimulate a proliferative response to 
peptide antigen, but also Induced a state or unresponsiveness in the Thl cells such that they were 
unable to proliferate in response to subsequent antigenic stimulation by normal APC. These 
anergic T cells remained viable, however, as shown by their ability to proliferate in response to 
exogenous IL-2, Furthermore, the unresponsive state appeared to he rather stable* as T cells 
resumulated as long as eight days later were still unable to respond to antigen* A similar state of 
unresponsiveness had been previously identified with MHC class Il-restrictcd human T cell clones 
stimulated with soluble peptide antigen, presumably presented by class IIpoKirive T cells (10). 
Numerous reports followed which documented that antigen presentation to purified T cell clones or 
freshly isolated T cells by resting B cells (11-13), purified class II MHC molecules in planar lipid 
membranes (14), kcratioocytca (15, 16), granuloma (17) or thymic macrophages (18) also induced 
T cell annrgy, as did stimulation of T cells (rigorously depleted ofony APC) by anti-CD 3 antibody 
(IV? or the T cell mitogen com: mm vat in A (20). In each of these experimental situations, 
engagement of the T cell receptor (TCRVCD3 complex resulted In T cell ancrgy rather than 
activation and clonal expansion. These results were consistent with the idea thaiTCR stimulation 
in the absence of an APOderived "costlmularory" signal results in the induction of subsequent 
unresponsiveness. Support for this idea came from the finding chat allogeneic APC that could not 
present peptide to the TCR on the T cell done under study stimulated T cell proliferation and 
prevented the induction of T cell unresponsiveness by fixed APC and peptide (21). Dendritic cells 
were the mo*t potent AVC population in providing the costimulatory signal, while macrophage* 
and activated B cells were less effective, and resting B cells were completely ineffective (22). The 
cosdmulatory ligands on the allogeneic accessory cells have now been identified as members of the 
B7 (CO80) fdmily which hind to CD2X on the T cell (reviewed in 21*25). It is now clear that 
chemically fixed splenocyte* are costimulation-defioient because the predominant APC in this 
population are resting B ceils, which are CD80-negaDve» and fixation prevents the resting B cells 
from inducing CD80 expression. 

Evidence that CD2S is mi iiupuiimiL tuMiuiulatocy molecule in T cell activation came Horn studies 
demonstrating that anu-CD28 monoclonal antibodies, like allogeneic accessory cells, restore an 1L- 
2*driven proliferative response to T cells stimulated by peptide antigcn»pul*ed, chemically fued 
APC or ami-TCR antibody (reviewed in 23-25). T cells stimulated by TCR ligation alone do not 
produce detectable IL-2 and therefore cannot proliferate, unless cultured at very high density in 
which case some CD80+ T cells may themselves provide cosdmulatory signals (26). High levels 
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of IH on iht twher hand, art produced with TCR ligation In die presence or CD28 cos 
fl caiWist. W.5-CD80 antibody blocks the delivery of eosiimuW signals from vinble APC 
tavESd to 23-25). as does a soluble form of CTLA4, which is a CD2« analog md a second high 
affinity tigand for CD80 on activated Tcells (reviewed in 25). 

The .ddidon of and CD28 antibody to stimulation cultmti with peptide antigen-pulsed chemically 
faKdAPC not only restores an IL-2-driven proliferative response but also prevents anergy 

specific human T cell clones proliferate in response to andgen presented 1 by cells co-transfected 
whh HLA-DR7 and B7, bui antigen presentation by cells trunsfecled with HLA-DR7 alone (i.e., in 
i^S^^SS^JSLXt cell clonal anergy (28) . It is evident, then, that ligaUon of 
CTZSbya tnonoBlonal antibody roimies binding by the natural ligand CD80 presem on allogeneic 
accessory cells, and interaction of the CD28/CD80 nxeptor/ligand pair is essential if anergy Is to be 
avoided following TCR ligation. 

The mechanism for CD2H-mediatcd cosrimulation is not yet fully understood although ' recent 
Q^rvtuons have proved enlightening. CD2H signals through a bkxhamleal pathway distinct 
fom that used by the TCR/CD3 complex as the hydroh/sls of inosttol phosp holipids which oaurs 
ST result ofTCR engagement is not affected by costWilntary signals delivered through CD2B 
(M, Jenkins, unpublished observations). As further evidence for a novel signaling i owchutusm, 
CD28 !v^g »s wUh phorbol ester treatment to stimulate IL-2 production andprofifcration by a 
S£SS A-resisun, activation pathway; anti-CW antibody Vto vkM *^** 
activation, on the other hand, is sensitive to cyclosporlne A treatment (reviewed in 25). Two 
Euups have reported that CD28 may transduce its signal by actiyaling n protein tyrosine kinase tl a 
»orJh\"sTnovel. unidentified 100 kl)a protein (29. 30), although this kinase has not yet 
fcnffiified. Phospnatidylinositol 3-kinasc (PI 3-ldnase). which i « frequently a »«b»w»«*ftj 
rSpwr-associated protein tyrosine kinases, becomes associated with ClttR following ".ti-^DM 
Stimulation of Jurkat T cells (31). Furthermore, B7.transfected Chinese l.umsicr «™«> 
«Sl but not parental CHO cells, induce elevated levels of the ip.d product s «jf W3-«'»*«« 
SvsiTl^Piroi"^ (3.4)-Msphosphate and phosphatidyHnositol (3.4 
Which lis eonshiterit with a potendal role for this enzyme In CMg-nwhuted signaling (32). Finally. 
Su et al. (33) have recently reported that CD28 occupancy activates Jun kinase to phosphorylate 
and activate the mnsmutlon factor Jun, thereby enhancing its ability m augment transcription of 
the IL-2 gene- 

The end result of CD28 Signal transduction In the T cell that also receives TCR signals is both an 
incrSd rate of inscription of IW n.RNA (34) as well as an increase .n its half-life (3£ 
Increased IL-2 mRNA iranseriprton most likely results from the scuvntion o. transcription fo«o« r 
CD28RC and Jun, which hind to specific sequences within the 1L 2 gene « nhft "«T. The w 
proteins appeal only when the TCR and CD28 are both engaged The binding of CDWRC to 
labeled cBSrE U inhibited by an unlabeled *B-like sequence ftt) and thus may be related to the 
NF-kB transcription factor. Jun dimcrizes with either itself or a meytber »f the Fos faintly and 
then Wn™o the AM target sequence in I>NA. The Increase to IL-1 mRNA s ability seen w ilt 
cosdmXion, on the other hand, most likely results from an interference with ^V»>£m 
Pathway IL-i mRNA has an inherently short half-life due (0 an AU-nch nstabiliiy sequence ; In Its 
5*uSlafcd region which targeU it'for rapid degradation. Other cytokine niRNAs which also 
conuln this morif m similarly targets for degradation and are also afTecied ny costimulatlon. 




blocks anetKV induction (37). In addition, anergy cannot be induced in the presence or 
cvdosuorinc A (19) an immunosuppressive drag which binds calcmcunn w block cMclum- 
dep^H slgialulj events. Th- indiSion phase less than four lu^urs rf ICR. snmulauon 

in the absence of costimwlailon; if a wsi muUtory signal is delivered to CD2» afw this Hm*. the 

celU Jx?no"tSg« resjonsive (20* M. Jenkins, ™P»bl«*^ r ^^'>-^£VlT B5r 
induction is blocked hy cyclohexinude, indicnting a requirement for new protein synthesis (14). 
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The critical event which determines whether the Outcome of ft T cell's encounter with antigen is 
activation or anergy uppcar* to be T Cell ptolifartHon, When Thl cells are stimulated with amigen 
presented by effective CD80+ AFC, they normally respond by producing high levels of IU2 and 
undergoing multiple rounds of proliferation. After a period of rat, this population is subsequently 
able to mount a proliferative response when restimolaied by antigen. Conver«Ij/ancr»y Is 
induced when Th I cella receive TCR-medlated signals but do not proliferate. This occurs when T 
fells foil to receive requisite APC-cfcrjvad cosilmuLatory signals and are therefore unable to produce 
B-Z, as was the case in the in vitro studies described above with co4tlmuIauon»defleieM AFC or 
tumulation by onrt-CD3/TCR antibody. a)28*mcdiaicd costimulmion antagonizes the induction of 
energy only because it restores a good IL-2-driven proliferative response. Blocking costlmulauon 
with anti-CDSO antibody or CTLA4-Ig also induces anergy by JnhibiUng IL*2 synthesis. In 
another scenario, T cells stimulated by antigen and costimulatory APC become anergic when IL-2* 
driven proliferation is directly blocked by experimental manipulations. DeSifva ct al. (38) 
demonstrated that proliferation of a Thl clone in itspohse to peptide antigen and coatimultttory 
APC was inhibited in the presence of nnii-IL.2 and anri-IL-2 receptor anybodies. Cells stimulated 
under these condition* become anergic even though they receive the ncccssaty costirmtlus and 
produce IL-2. Similarly, Beverly e? al, (39) reported that when a Thl clone was fully activated 
With antigen and normal APC for 16-20 houre and then washed to remove all of the 11^2 they had 
produced, they too were unresponsive to further stimulation presumably because they required 
continuous exposure to TL 2 to recover responsiveness to Antigen. Thl cells stimulated with 
antigen nnd normal APC but directly blocked in their cell cycle progression m G \ n t*y the drug *- 
butyrate also become anergic (40). Sloan-Lancaster et ah (41) described it different kind of 



situation resulting in anergy. They demonstrated that an analogue or an immunogenic peptide 
could partially stimulate Thl clones without inducing proliferation or cytokine production. 'Ilic 




^ r . nmihody «„, f %w 

proliferate in response to the \Ll that they produce (42-44). Even in the presence of campeicm 




7- 



proliferation, These results are cmisiKUsnt with a model (39, 45) in which a TCR-niaiiated increase 
In intracellular calcium results in the production of a repressor protein, Under nonmUogcnic 
conditions, the protein accumulates and reached a concentration in the cell where it is then 
responsible for somehow maintaining the anergic state (eg., by repressing the synthesis of 11,-2). 
The amount of the anergy protein would presumably be reduced as a consequence of cclhilar 
divunon resulting in a concentration In the cell thai is not biologically effective. There is indeed 
indirect molecular evidence fnr n negnrivc regulatory protein which may reiwess ti unscriprign of 
2 mRNA, As will be desLiibcd lulcr. 

Murine Tli2 and ThO cells can also become anergic, as call CD8+ T cells, and the anergy- 
associated growth defect in these populations is different from that for Thl cells. Several groups 
have been unable to Induce proliferative anergy in Th2 clones (4(i. 47), and ir ha* been 
hypothesized thatTh2 cells may provide their own costimulatory function (48), Tor some IL-4 
producing Th2 Clones, however. APOrterived FL-1 can function as a costimulatory molecule by 
allowing the T cells to respond to the IL-4 they pitxlucc (49). McAnhur and Kaulei (50) 
flemnnslrttflrf that fTOK costimtilation of twoTh2 clones induced increased proliferation tfirough 
on increase in IL-4 respond yciicss thai was 1H dependent; Lc. 4 CD28 cosUmulatlon enhanced 1L- 
l production. Gilbert et al (51) have reported thatTh2 cells cumulated in the absence of ILrl enter 
on anergic state luanlfestcd by an inability to provide B cell help, although they do not lose their 
ability to proliferate in response to antigen. Anergy can also bo induced in ThO clones, Mueller ct 
al. (Si) i liavc rcponol diat anergy in dual IU2/IL4 producing ThO clones is characterized not only 
by the 1L-2 production defect seen with anergic Thl cells* but also by an inability to respond to the 
IL-4 they prvducc. 

The lung-Lenii T cell clones which have been used In many anergy estperimcnts are by definition 
memory T cells, and there has boon some question as to whether freshly isolated, naive T cells are 
capable of becoming anergic during their tlrst coaster with antigen. In our h^prfc j^ir^ e 
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and human naive T cells have proven to be very difficult to energize in vitro. Indeed, Davis and 
SloriS? (53) found Ait although naive TCR transgenic T cells failed to respond to pepude 
SK7reS«d by purified M1IC molecules, these cells did not «^»^ » 

™S*^^liL ^ peptide and APC In contrast, Tan et al. (54) have denoted that 
Kholated human T ceil? become un^nsivc when «tlmulatol in a. «d«da«, nrfgd 
vmphttyte culture in the p*B*nCe of CTLA4-Ig, i chimeric fu*on orotetn that b^feka 
SXSSn W effectively competing with CD28 for die oostimulatory 1^ on allogeneic APC 

(55) reported that freshly isolated T cells become specifically unrcsoonrive id , 
Xen whS ^incibScd with class 11 MHO cells that lack B7 but not when p^incuW with 
das! II M*K> cells that express B7> Although it is ^ssible thai the ^f^^^^ 
SiSese Studies is anergy. it is impossible to conclude this because the fate of the 
s^JkTc^ls cannot fphysicallj Measured in a ^ydonal T CCll poputawn. ^pmb^can 
E&vTntcdby using Kimull that activate all Ycelts, such as anii-CD3 annbodie* Several 
groups have report* that freshly isolated T cells become ygW*** % $^f x T^^Z 
fffirst cultured with anri-CD3 antibodies in the absence of B7+ APC (47. 56-58). Although ^nany 
IrS i «t TSli thVreladonship of die unwponsiv* state aeWeved In Utese eel l*tt teiM 
^YceUcloncK is not clear. For example, when freshly hoisted T erf* are used, tlte induction of 
unws^nsivcneS is not always inhibited by costimulatory signals; in some cases ; .t is , actually 
SSSVnot blocked, by cyclosporin A (59); and unrespottSivenes.s can occur Mlowlng , a 
SKve ™nse by the I ccUa (81). A pm^ya^^^ 
fcnith of time the T cells arc exposed to the anergy^inducing stimulus. Many or the studies that , 
«nS oved r ■ •be T cells used long preincubation periods for inducine unresponsiveness, It is 

SffiCmfe T cells could become susceptible Even if they 1™'*^ 
woulS be exposed to a TCR stimulus in die absence of cumulation which would then result 
in ihe induction of the unresponsive slate later in the prolonged preincubation culture penod. 

Much of whai wc know about T cell anergy has come from in vitro models. The extent to which T 
«ff ^If-Toler^fcc^^ c^lular nniigens is maintained In vivo by clonal anew in normal, 
unmanipulaied individuals is not ycl known, The difficulty in answering tin* qualm, or Course, 
lies in die formidable task of tracking low frequency anbgen-spedfic 1 cells- 

However, there is abundant cvidww for T cell* existing in an anergic state in in vivo njodejs using 
tSSSic oY radiation chimeric mice. In fnmfc t^cc expressing the tte « i II JflK W 
nio elle exclusively on pancreatic p cell*. V P S + ^^?^ T ^J^^S^7m 
assouiatcd superamifien are not deleted bur «rr unrtsponsive to in vitro sturtu atlon by ^^TCT 
SnEv?« 160 Dual expression of I-K and B7 oansgenes innancrcauc D cells does not resultin 
KmMmL in inauttd. lod diabetes (62). fm. as frti^J*** *n«»o 
«I35«u Affitlffan ntfsscntation by a B7^negaiive tissue resuUs * tolerance whereas antigen 
£££ 5 \ StSSR tissue «suUs in immunity. This is^learly not the only potenu|d 
mSSM^^^W^ "P^o* of antigens to parenchymal tissues has 
SSnmunity, tottitnee manlfwted A vivo but not in Vitro, or andgen igtiorance (reviewed in 63). 

In a radiation bone nutftow chimera model, clonal anergy has also been shown lo mediate T cell 
tolerance to the mammary tumor virus-encoded superamifien Mia- Most T cells expressing the 
VB8.) or VB6 chain in their TCR recognize the Mis- 1" superandgen, regardless of which u chain is 
exoressed In the TCR. When MIs^ bone marrow celts are injected into irradiated 
«clAienK T cells bearinc Mls-l a -rtactivc TCR are not deleted but become anergic, probably 

(64). Similarly, Rammetiscc et al. 
inlccdnfi Ml*-1» mice with Mls-t* spleen cells induces clonal anergy in peripheral V|46+ T cells. 
Law studies -showed that the Mia 1^-speciftc T ccIU inidally eapand in vivo and then many are 
!££m^ unicsponsive%uladon (66. 67). ^^^^^ 
that IL'd-producing. superantifien-spccific T cells are also susceptible to peripheral tolerance 
induction in vivo (68) Tolerance m the Mis- t u superamifien in a line of mice transgenic fur ihe 
TCR VB8 ^ he malnSnedly both clonal deletion and energy; 

aSroScly 20-50* of peripheral CD*+ T cells In these mice are anergic in that they do, pot 
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As previously discussed, it is likely thai mpsi autologous antics exnre^-il m. n .-^u t , r „\ 

are simply tgnorcd by die host's immune system, and thelnHon*. F mcr v ! t 

cell* serves only as a failsafe mechanism for avoiding autoiSmoi i, i UoZZt IKh 

«STh«flr k ? gy . ™ y '"H™"* ^ u»P<Htajit mle in maintaining scV-kilemncc One 
con. nesting a ceils are OHO-ncgativc, a poor source of cosrimukiion (22), n pour stimulator in n 

SSnSTs ™»? I* V ,u,1UB »fi 1< > n » I "! receptor* sp-eiHc for die protein. Hecause the inducl o,f of 
antigens ait unable to crosslink surface Immunoglobulin Trecepton, resting B aStwSdiSSS^ 

^ESSEI^*"' *"*, ,umal,, y touw other CDBO+ APC populations (i.e., dendridc cells or 
macrophaEBs) were able to endocytose sufficient amounts of aniige.i to Tool S Z 
ATCpopulatton th»nn„ln.ly gains access a, the antigen Mmgii^^^^tJ!^ 

£2T 4,,d t ? Vcl 8 ,e P.? h » ve "^nt'y rcpond that even when aciivaied, U cells are canahle of 
inducing Mttgen- 6 pj iU ,ne T cell mwrgy. Tlicy found dial B cells ncli va cd for 24 nr 48 hESZuh 
wu-immunoslobulm treatment ,. P re E „| ate d CD80 »v^n\^St^JSSiS^^ 
° *, primary m Xed 'ymphocyte rcacrion. However, aSL B <Ss sS 

energy in Tnl clones These investigators hypothesized that activated D cells Mill C w>res* 
inadcquaie levels of CD80. or perhaps lack another important molecule nece«»rv fo^Thf 
acuvador, Their result* may explain the observation by Fuck and MatS cXX" 2, 
no, memory) T cells presented *i,h peptide antigen Either resting or nc¥va,3 I S ctt£ K 
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toomeunit^ponsivc to subsequent stimulation. It would appear that the ability nfn.ci.no n ~.u 
(and perhaps activated B cells as well) to induce TceUurn^^ 

ensuring that T cells activation will occur when these APC present twtigen I y Ul APC - 

There Is also evidence for the induction of anergy in vivo following chronic TCR stimulnrion - 

Mflfatenauc e of the anergic 

ii^lnl^^^'^ * BfaM i«y of ™ cell, to respond to the iWt «y SSS 
T P f cIoncs CD4*TceUTf rom mice u,| e rizedK*o 

the minor lymphocyte-stimulating antigen M s- 1 4 arc unable to DroIifemt e in r^.v.r,,,- »„ Atv> 
denved although IL.12.enl»necdWno» of lI^Kra^ 13*3. 

nucrophage |{nftomma«ory prolein-lamRNA production is dented in nSSc eelll MiiiSS! « 

anerev" W^ulwfic!: '•»/ s* 01 lV° roBUDuladon. ■phenomenon they described as "aplk 
2 S«t il^° S ^ e , n ' , 5*.*S U « hl conelalion between CD28-midi«ed eosUmuUiion 
end 11^2 synthesis seen in Thl cells, it demonstrates that anergic TcSts are ..^T^nW-il iu 
effector functi^ 

The toolecuLir changes in anergic T cells .visible for die defect in IL-J production ere not vn, 
clear, although several potential mechanisms have been tliminated AffilSSSra Sffl 

wSaflM iTLvSy^ ri * nal "!»*•»*» in en anergic murine Thl clone 

was unafrected at the level of inositol phosphate generation and concluded that o»«tth m *nJ!!s„ 
cells appeared to he eo UB ,ed to nomial InVe&ar^Sg^w^ oSSSaoaS! 
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«f««o^ id father dmJSna® I. is SSSSSS? 0 . f*™^ 0 " such 'hatihrir TCR 
associated signaHne defccB fomch^« hironnnt to diffcrenuatc long-Lwtag 

a a (87, ^^r^^ 

calcium in response to either CD3 crosUnWnTw^c B ^A e , "f of i***^ 
B acfanan et al. (88) demonstrated diaTau S & "tSls ESES. ° f ■ "2?^ Swnita ^- 
foiled <o «hibi, an increase in mrraceKSci™ „ fSL^rffiS *7 ? ^fl* 
studies, unresponsive T cells did proliferate nor^v ^il^^f to rcR *»™labon. In bwh 
*ocby bypassing »hc TtXstSdlE SaTSS-MfflS IT"* 3 : • m SH* J,hcrho1 « w ' 
protein kinase C acdvation «nd utanjK cScSS^KT M 8 ^'"S dcfcct prowinal id 

Two protein substrates in ptrtlcuCSs and o75 JTSST^ fttF**** pattern* (89). 
(90). In addition, CMewskT ci al Vfel Simil,tri > a » cc "*J >n anergic 11,1 done* 

r«pom»blcfarm*i^ f0r ,ndudn * ,L " 2 « eftC ^crlp,i«»n may be 

heterologous promoter und« e^i^l «f «» T ftn '° wi,,,,te «nw»ripiton from A 
sequence < wlthKe entt/r T,,,^* 6 5 IL :*« cne or by a mtiltinier of the AP I 

than in normal FJ£ rSS^J^^j£SiiZ A?? T *ft "? 

ceil division are rescued lrom ici, ' anwnte 2 e tfa 13? ^pT' ?• u . ndc . r 8° t 5ev ' s ' al «««nds of 
...erKicTeells are driven toiroUfcra Kir* £» ^^Jji rt,V1Iy " ™? owd wh4h 

scs&sr^xri^ ess 
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papulation. 

Clinical aprlicp^ 0 " 

Ropnilfta of whether energy b romaUy an ^^^^^^i!^S&£L 
conditions, uiKtentaadiogihe mechanism ^^^^ l rSnMi^'»iia» iadudc 



thU popttlitlori. engage the ^^^^SS^S^ 
The achievement of only partial tolerance, fact, JJJJJJJEJ^gi^ thoie results pfObabJv 

survival (reviewed in 99). 

Transition tote.— et* *» * achieved, byd^ayblo^ng 

dgnala /« viva. Proliferation of human T cefls '« '^jWlSSOT 
Sflturo ie blocked by the , CILM-lg "''^i^SlSS"^^ 
respectively) exhibit an SSTtf r^4^KX Um^Ui^wton 
ct iLOOO) detnooawwd thiii in vivo ^™^™« tI^^ m5£e^l3l^Md- 
pUcnted rejection of xenogeneic P^^^^ ,^^^gK p**«* was 
Uan CD^anni^alJ en^ ffiZSa-CDS^body 
less efficient than CTLM-Jk " a, S J« n.w nfT cefa MttWM to dlltct preiartnnor. Of 
(specific for human CD80) blocks activation ^^SlSSS to *£* bEarlm ami 
humafi MHC-restrietcd antigen on human APC S^iV.o hu^nlrotelai abed and 
human CD80) also ^.^^^^^SSil^d^lm^ 

a down-modulation ofdonor MHC molecules "^S^XntoS CTlMh *>«»» 

wciltokraicd. 
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master of some debate. Boussiotia et al. (53) repotted that transfettants co»expressing the human 
class II MHC DR7 molecule and ICAM- 1 were able to Stimulate T cell proliferation, akhodgh once 
dm T cells were recovered and regulated, they were found 10 be anergic, T cells sdi^faied by 
rradtfectants ^-expressing DR7 and CD80. on the other hand* proliferated well and remained 

3onslve to aubttquent antigenic challenge. So while ICAM- 1 may enhance a subopdmal T cell 
ifetativ* response to antigen, it appear* Ami the T cells undergo insufficient proliferation to 
avoid becoming anergic. Nevertheless, antibodies to LFA-1 and ICAM^I. when given together, 
can induce long-term survival of cardiac allografts (104). In this model, mice which accepted 
cardiac allograft* later accepted donor-synccncic skin grafts but rejected third parry skin grafts, 
indicating mat allospccific tolerance had indeed been established. Similarly, raiment with 
antibodies to CD2 and the CD2 Hgand (CD48) has been reported to lead to indefinite cardiac 
allograft survival (105)- When long-term survivors of an allograft were given a second donor- 
specific graft, however, both the first and second grafts were rejected. These lacier results are 
consistent with acute graft rejection occurring as a result of an alloreactive response to passenger 
leukocytes (especially class I1+CD8(M- dendritic celts) transplanted with Uie graft (usually cl«» It- 
negative, CDW-negative). Treating grafl recipients with antibodies which block cither (1) the 
delivery of COsUmulatory signals or (2) adhesion and thus conjugate formation with antigen- 
specific T cell* results in either T cell clonal anergy or T cell ignorance, respectively, to cither 
case, if f T cell response is prevented until immunogenic passenger leukocytes arc .'.pleled, the 
graft will not be rejected. Transplantation of a second donor-specific graft carrying hnmunogentc 
passenger leukocytes would result in acceptance If T cells had been ancrgized (i.e.. following 
CTLAWg trealrmnt) or rejection If T cells had simply been prevented from interacting with (he 
first graft (i.e., following administration of antibodies to adhesion molecules). 

Antigen-specific tolerization protocols have also been applied tn the prevention of T txU-mediated 
autoimmune disease. Intraperitoneal injection of Immunodominant peptides of myelin haste protein 
(MBP) into mice can prevent experimental autoimmune encephalomyelitis (EAIi) and also block the 
progression of ongoing disease by inducing amigcn*specific T cell unresponsiveness 
Smffek et at (107) were able to prevent CAE by subcutaneous immunization with a MBP peptide 
analog with a single amino acid substitution. The peptide analog bound class II MHC molecules 
better and stimulated encepbalitoKcnic T cells in Vi>o. yet w ttK nonimmunogenic and 
ncjoenccphalUogenic In vivo. The mechanism for preventing autoimmune disease in this case is not 
known, although neither transferrablc suppression nor competitive binding to class 11 MHC 
molecules appeared to be involved. Similaiiy, treating voting nonobesc diabetic (NOD) mice w«h 
the pnncrcario B cell antigen glutamic acid decarboxylase can prevent spontaneous diabetes by 
foleriring antigen-specific T cells (108, 109). Finally, Aichele el al. (1 10) demonstrated that yind- 
induced diabetes In a transgenic mouse model can be prevented by tolenzing me nutorcactivcT 
cells. In their studicx, a single subcutaneous injection of * peptide eorre*£jndina to the 
immunodominant epitope of lymphcicytic choriomeningiris vims glycoprotein (LCMV GP) in 
incomplete Fmund's adjuvant primal mice such that when they were subsequently • challenged with 
live vuus, the virus wa* cleared. Multiple SnorapcrUoneal injections of I CMV GP, however, 
resulted In indgejwpeclfic tolerance. Mice challenged with live? virus following intiBperiwrjc&l 
injection devefoped high titers, and their CTL showed no antigen rewUvit^ in Wrro THm. 
tolerlcarion protocol was then used to treat transgenic mice expressing LCMV GP exclusively in 
plncreauc B cells. These mice normally develop CD8+ T cell-mediated diabeM following viral 
infection, but intraperitoneal injcuUni of the peptide prevented diabetes and iiriownw 
destruction of the BiaUt cell*. Tolerance was antigen-specific, as a response to the LCMV 
nncleocapsid protein persisted. Whether tolerance in this system occurs as a resul t of clonal anew 
at detetion is not known, although this group has previously nsponcd that injection of the LCMV 
OP peptide into transgenic mice expressing TCR specific for the peptide results t« hah peripheral 
deletion and antfgy of antigen-specific CD8+ T celts <IU). A wond approach to achieving 
nonrenonsivenessnRs been through the oral administration of antigen. Oral tolerance Is believed 
to result aomedmes from CD8+ regulatory T cells (reviewed in 1 12), although there is also 
evidence that oral tolerance may result from T cell anergy (113). Su by woefully aetecdnga 
wf erteadon protocol with the proper mute of toterogen adtmr.w*™iion, " appears likely thann the 
future, clinicians win he able to evoke an antigen-specific nonresponeivencss to treat T cell-* 
ardlated immune disorders such as autoimmune diseases and allergic n=*pnnues — ^ — 
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